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The Catalytic Subunit of Protein Kinase A Interacts with
Testis-Brain RNA-Binding Protein (TB-RBP)

Hyun-Hee Ju and Sung-Ho Ghil'

Department of Life science, Kyonggi University, Suwon 442-760, Korea

cAMP-dependent protein kinase A (PKA) is the best-characterized protein kinases and has served as a model of the
structure and regulation of cAMP-binding protein as well as of protein kinases. To determine the function of PKA in
development, we employed the yeast two-hybrid system to screen for catalytic subunit of PKA (Ca) interacting partners
in a cDNA library from mouse embryo. A Testis-brain RNA-binding protein (TB-RBP), specifically bound to Ca. This
interaction was verified by several biochemical analysis. Our findings indicate that Co can modulate nucleic acid binding
proteins of TB-RBP and provide insights into the diverse role of PKA.
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cAMP-dependent protein kinase (PKA)YS= tHE< ¢l whal
A Qs aA% deA 9lon, cAMPS Adste] 1
@7do] ML} (Taylor et al, 2004). PKAYE 5 7] =
d 2994 R F Y Fo 2994 (07 RCE
T35 0] Q= heterotetrameric TH o]tk AA|7EA U
TH 24 2994 (Rlo, RIB, Rlla, RIP)S} Y] E5He
Za) A3 (Ca, Cp, Cy, PrXX)7t 22 2 Fot
(Zimmermann et al., 1999; Taylor et al., 2004). cAMP7} %A
ATAA AgEA HH, Zo) A9YA7 28 A
AAZRE frej=o] Y21 (Taylor et al, 1990). F-2]H
) AT A= AEFA Eol thE 7)|dES itk
AZIAY o R olFdlel AARIAEY] QAHEE &
Eetrh 53] HARRIAIR] cAMP-response element binding
protein®] IMNFE FEFORA DA FHAR W
A5 23 (Ghil et al., 2000).
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it

*

> i

= A 2007d 102 129

FAAEF: 20073 112 23Y

RAAR: DT, (59442760 7N FAA GET 0|9,
77 ek Ay ) o)}

Tel: 031-249-9646, Fax: 031-249-9646

e-mail: shghil@kyonggi.ackr

| 2

=1} (Hofmann et al,, 1997; Glantz et al., 1992). PKA 2]
ol AT AE AT 220l FHlEH Hdd
t} (Uhler et al., 1987).

B Aol A= Ao 4] PKAS] 9ES dolr 7]
Al Sl A & FHQA CaF bait® 3L A
F A} (€75 dpeyell A Rl cDNA library S AF-8-5}<]
yeast two-hybrid 2==2]'3d& It 71 A} testis
brain RNA-binding protein (TB-RBP)S #=3}31 11, o g
7HA] Agheta 7S Eote] ol AjE A AT

saiet.

p=]
H
a
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1. M=

A5 vl (7.5 dpeyel Al el cDNA library9} her-
ring testis DNA+= Clontech (Palo Alto, CA, USA), yeast A7
HI A= Biol01 (Vista, CA, USA), Alexa 4887} 568 &=
Invitrogen (Carlsbad, CA, USA), TA 2 ¥E (pGEMT/
Easy)+= Promega (Madison, MI, USA), A|gta4-2} T4 DNA
d3ta AT Roche (Mannheim, Germany), PVDF membrane
2 Schleicher & Schuell Bioscience (Dassel, Germany), Super-
siganl West Pico Chemiluminescent Substrate<= Pierce (Rock-
ford, IL), glutathione sepharose 4B beadv Amersham Bio-
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sciences (Uppsla, Sweden), 2-(4-Amidinophenyl)-6-indolecar-
bamidine Dihydrochloride (DAPI)v= Vector Laboratories
(Burlingame CA, USA), ~L €Jo] TE Al°k2 Sigma-
Aldrich (St. Louis, MO, USAI2FE F315le] A3}
oAk,

2. U HEjel HME

Yeast two-hydrid Z~Z2]'dol] AH&¥E bait SEpAm=Ql
pHybTrp/Zeo-Cat= pcDNA3-Ca Z&A0ZE Kpul A3
FAE Adste] pHybTip/Zeo Zdtin=o] AHlste] A
23191}, TB-RBPS] H AL 2 Zekin]=2Q) peFlag-
TB-RBP+= cDNA library Z#}2W] =21 pACT2-TB-RBPE
FHog s PCRE T3t ATt onf A&
Sk primer= 5-TACCACTACAATGGATG-3'$} 5'-CGATT-
CATAGATCTCTAGAG-3'¢]™, PCR A& TA HE <]
pGEMT/Easy =&hm] =0l 293 3 BamHIZ} Xhol A
SEAR HAStS] peFlag Selav]=o) AMiste] Az
S}tk peFlag-TB-RBP ZehAm| =% 1 N-ZHo] Flag
epitope©] tagging=lo] §lo], A UlellA] whuldz wds)
Al ¥¥, Flag-TB-RBP7} &3+ Hej = d&dss #coh

3. Yeast two—hybrid 232|

O

Yeast two-hybrid ~=12]'3d-2 o] B9} & 1
2 35U} (Park and Ghil,, 2006). ©| 2 71eFs]

W, L40 ERAMEZF bait STAv|=E HA A
3 EYEgo] Zo® (T) ZAZA A 3U7F wiok
SHlTE i colonyE -T NA1gul=] oA 16417 vl
gt ¥, MEZS FH5 competent A E 2 A &EA )
Al =-E competent M 3E 50 pgel cDNA libraryS &2
AT 5 S| 2Ed, {41, EYETo] dojd (-HLI)
A GEA A AEA 7 mjdsdeh. 443 colony
£ -HLT A/d7gulA]el| 3-AT (3 amino-1, 2, 4-triazole)”}
7V vlA] HLT+3-AT)$F 721, EgEste] Aoy
(-LT) LAl el X-gale] H7Fe vl A] (-LT+X-gal)
o &3t colony JgoiF-o} WA FFE 7tz
o2 false-positive FHEE AATII T HAEE colony
o)A library Ee}27]= DNATHS FE317] 98 Fal
Aojd (L) YA FHAR 1:1000.2 82 5ke] 2447
Hjoksl A 1:10000.2 3)Aste] L 5143 ] o]
A ekt A4S colony 2 5B DNAS F&361o]
DHj5a WHH|E|o} M Eel] FAARAZ F, F212F L&
EA% & NCBI9] Blast scarch T2 788 A} &5le] B

- o
> o ok
Mok fo

o

A FAA ADL R

4. NIZ i Y transfection

COSM6AI ¥ 9} 293T M3 10% fetal bovine serum}
1% penicillin, 100 pg/ml streptomycin®] 3Z 3+ Dulbecco’s
modified Eagle’s medium (DMEM)°l| %] 37C, 5% CO, 371
o2 ujeksiolon, 2~34 ¥ HBSSE Aol ¥
0.25% trypsin-EDTA &4-& A}-835fo] AEE wjg&7]¢]
vieto 2 RE] BAZ] the Al wjdsiaitt 293T Al
9] transfection ¥IF-87] (100 mm)Z 1.5<1070<] Al
EE 18~24M7F Wi%¥3F F calcium-phosphate WHS A}
4-3l] DNAZ transfectiond} 33T}, calcium-phosphate ®3
o Aere] vy T an=E 62 ple] 2 M CaCLe} 3
A &85 & k] 2xXHBS (50 mM Hepes pH 7.1, 280
mM NaCl, 1.5 mM Na,HPO)Z vortexS a|FHA 4]ojF
At} o] DNA E3-8-d-S 3087 2ol AAlgk 3, Al
X ugHo] Egsle] v-AIFH ). Transfectiond th-E-
40717 Fo] A EE PBS (10 mM Na,HPO,, 2 mM KH,PO,,
137 mM NaCl, 2.7 mM KC)E 23] Hoj& & o A&
o A}-g3&Act COSM6 AE2) transfection B U-8-7]
(15 mm)F 3x10*702] AEE 2447} wjdg 3 DEAE/
Dextran B (lida-Klein et al., 1997)8 AH&-3813Ic}

5. GST—pulldown assay

BL21 e g]o} A EFo)] GSTSF GST-Co §3cH &
ARE A AR A vjFeiict. gz

D #
FE S FE=317] K3 wdg AlEZSo] 0.5 mM IPTG
= o] 30T 4xZF Bt F=7) kst & Al

2 53859t AEE PBTX £ (1% Triton X-1003}
AR as AAAVE 37k PBS)LE F-HA17
ZEoHE7IR EAEelnh S AXE AT
(12,000 rpm, 103, 4C)3te] 75 NS glutathione sepharose
4B beads9} 4TCA 2A)17F 30 WHS-A1Z] th PBTXE
33] A8 TE BeadS 293T Al ¥9|| pcFlag-TB-RBP 2
gau =g BEA ] AEFEET 37CAA 1417 1
SA17131 PBTXE 53] FAIsIGItE 4] F, 2XE beads
o SDS loading dyeE 77}3}%] 10% SDS-PAGEE XI5}
St d7195H @GS poly-vinyl difluoride membrane
o] &7 ¥ Flag $AS AF2-3] immunoblotS 2 A3+
t}. Input lane<> GST pulldown assayol] A8-% A EF-ZN
9] 10%E AME-SF3ITE
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6. Immuno—colocalization

15 mm dishol] type I collagen?} Poly-D-Lysin (PDL)<
1:19] g2 A fAoR coatingdt T, 3x10°7]2)
COSM6 HIEE #F3lo] 24417 wisloith. 10 pge)
pcFlag-TB-RBP9} 10 pg2] peDNA-CaZ DEAE-dextran
trasnfection "WH O 2 co-transfectiondF 5, 4847+ FoF =
7F Wi FEATh AEE PBSE 33 FAIE &, 4% para-
formaldehyde & AH&-3te] o)A 1027 A Z T}
PBSE A} =A% 5, blocking &% (10% normal goat
serum, 0.1% BSA, 0.1% Triton X-100) 231 A-20|A] 14]
A HEEAIZL & 13F RGNS Horsto] Aol A] 24]
4TCoA 16A17F JEEAIZ T 9kS-
0.1%9] Triton X-100°] X3¢ PBSE 10427}
St 24} FAGAE gl A 14)7E

1= O

L
T

s

wl-

gul

¢ Triton X-100°] ¥3¥ PBSE 10%-
DAPL 9415 Fal 1A Az

e

AL confocal
microscopy (Zeiss LSM 501, Neuherberg, Germany)% 32+
SFAth 1A} A 2= anti-Flag (1:200) 4} anti-Ca (1:

A

Gene ATG TCT GIG AGC GAG ATC TTC GTG
Protein M g v 8 B I ¥ v
Gene ATC CGA GRAG GAA ATA COA AAA GTT
Protein I R E | 4 i 4 K v
Gene TIG ACC CTA OIT CARA GGG GTC CAD
Protein L T L L L] G v H
Gene TGC TTG AAA GCG AGA GAA CAT TIC
Protein [ L E oA ® B H ¥
Gene ACC AAG TTC CCC GOT GAG CAG TAT
Protein T .4 ¥ P A B 4] Y
Gene CAG CGC CTG GTC TIC CTH 6CA GCA
Protein o 13 L v ¥ L A A
Gone ACC CGA GAG GUT GTT ACA GAG ATT
Protein T R B A v T B 3
Gene CAT CTG GAT GTG GAA GAT TAT CTC
¥rotoin n L D v B D ¥ L
Gene AGG CTG TCT GIC AAC AGT GTC ACT
Protein R L 5 ¥ H S v T
Gane: BOT TTC APC ART GAG TG GRT TCT
Protein T ¥ I N E L D 5
Gene CTG AGG AMAG COC TAC GAC GGC TG
Protein L R K R Y B G I
Gene TAT GAC CTT TCC ATC CGA GGC TTC
Protein Y D I s I R G F
Goene TAG
Protein *

NH;

GAL
Gla
G

AGT
5
TAC

TTT
cre

TCA
5
GCT
A
GGT
G
ARG
K
AAT
N

200) A S, 224 FAZE Alexa fluor 4883} -568 (1:500)
= AH&eFth
2t

A o] HANA F PKAL FHv) AdglAe] d59
Cost Joa-gale A ES B3] 9ot A7
Hjzlol A 28 ¢cDNA libraryE AF8-3}e] yeast two-
hybrid =238 st 238d A3 Z 49719
FEE F5%1eH, 1 F 1709 TBRBP F44= &
=313t} TB-RBP= Q17HS] translin®] mouse orthologue
o]t TB-RBP= 228709 opv]i=ito s 7Adslo] glom
(Fig. 1A), 217+ 745 AAA 290l &5k, 79
A A 1l XS, A3k translind A ¢
TB-RBP= 3719] opw|i=ito] %Fo]3hr} (Aoki et al, 1997,
Wu et al,, 1997; Wu et al,, 1998). TB-RBP+ 28 kDa2] -2}
Z-& 714, nuclear export signal (NES), GTP A% T
(G), leucine zipper =M1 18]35 N-Zdol] F 719 basic
=%l (Nb€} Cb)s 7FATH (Chennathukuzhi et al., 2001)

CIG CAG GGC TTT TIG GCT GCC GAG CAG GAC
L 9 ¢ F L A A E Q D
CAG AGT TTA GAA CBA ACT GCT CGA GAG ATT
0 8 L E @ T A R E I
GBI ACT GGA TTT CAG GAC ATT CCA BAG AGG
¢ T G F ¢ D I P K R
BCA GTA BBA ACA CAT CTC AGA TCC CTG AAG
T vV K T H L T & L K
AGG TTT CAT GAG CAT TGG CGG TTC GTG CTT
R F H E H W B ¥ V 1L
GTG GTA TAT TTG GAA ACA GAG ACC CTG QTG
v v Y L E T E T L ¥
GGC ATT GAA CCA GAT CGG GAA BAA GGG TIT
¢ I E P D R E K € F
GGA GTT TTA ATT CTT GCC AGT GAA CTG TOG
6 v L I L A S8 E L 5
GGA GAC TAC TCT CGG COC CIT CAC ATT TCT
G b Y S R P L B I §
TPT CGFY CTT CTC AAT CTG ARA BAT GAC TCC
¥ B L L N L K N D 8
TAC GAT GTG ARG AMA GIA GAG GAG GIG GIC
¥ D VvV K K ¥ E E V ¥
AMG GAG ACA GCA GCG GCT TGT GGT GAR AAA
K E T A A A C G B K
COOH

Fig. 1. Gene and amino acid sequence of the TB-RBP. A. The TB-RBP is 684 bp long and encodes a protein of 228 amino acids. B.
Domains of TB-RBP including two basic domains, Nb and Cb, in the N-terminus; NES, a nuclear export signal; G, GTP-binding domain;

and leucine zipper domain.
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e Transformation
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Prey - - TB-RBP
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Fig. 2. The interaction of TB-RBP and Ca. in yeast. The L40 yeast strain transformed with the full length TB-RBP and Co, as indicated
were A. Incubated into indicated media the positive interaction between Ca and TB-RBP were determined by representing blue colony in
-LT+X-gal plates and by cell growth in -HLT+3AT media. B. Quantification of binding strength by ONPG assay to measure the levels of
B-galactosidase activity. Data are shown as the average + S.E. of at least three independent experiments. *, P<0.001 compared to control.
LT, Leucine and Tryptophan droup out medium; -HLT, Histidine, Leucine, and Tryptophan droup out medium; and 3-AT, 3-amino-1,2,4-

triazole.

(Fig. 1B). NEST TB-RBP7} SellA] AZA= A 1o
= Ao 27, leucine zipper domain, Nb % Cbe
RNAS}FS] Aol Ha3dlr) 3 DNASKS Z3olE Nb
o} Cb F 3Fte] ErQlute] St} (Chennathukuzhi et
al, 2001).

TB-RBP®} Cao| 7 4& g oi-E F<lst7] ¢4
full-length TB-RBP2} Ca”} co-transformation® 140 &5
M EFZE LT, -HLT, -HLT+3-AT, Z128]3 -LT+X-gal 3%
HjAlol] HFoted A 2 WA F55 A5l (Fig
2A). TB-RBPS} Ca7l yeast Wolld M=z A& -3}
H, HIS3 3=ke] HAL E/d 815 31 histidineo] Ao H
A4 A (HLDelA 4788 4 St} 3-ATE imidazole-
glycerolphosphate dehydratase®] A4 <1 A A=, HIS3
FAARe] APrre A} (Kanazawa et al., 1988). B]S0]
Aol At okel e agd - 3-ATdl 23t As|2E-
2 AL dehydratase’} AAH, T AIZE histidine©)
AolE viA|edl A A %?@‘:}. ek Aeagd A
- E2 dehydratase”} AAE 3 histidineo] ZoH #i%]
oA AR} EJF 140 EEAEFE HIS3 FHAE
Tho] ohe} LacZ HAARE 7R AL glo] dEabgoel
3t 74-2- B-galactosidase”} L& F ). TB-RBPS} CoZ} 7

G8T G8T-Cu

IB:Cu

10% input
IB:FLAG (TB-RBP)

€= GST-Cu

€=GST

Fig. 3. GST-pull down assay showing the interaction between
TB-RBP and Ca. Gluthathion beads charged with GST alone or
GST-Co incubated with 293T extract transfected with TB-RBP.
Bound Flag tagged TB-RBP was detected by immonublotting using
an anti-Flag antibody. The TB-RBP of the 293T cell extracts speci-
fically bound to GST-Ca but not to GST alone.

W M EedARre] -HLT+3-AT A=l A A&
Btk 3 LT+X-gal AR A = FEM9 F2
UE Pt Aste Ae BE6 ©
AL AE57] A8l p-galactosidased] I & V1E

¥

Ni
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= ARgste]l 24319k B-galactosidase assay 2 g
Al Ca9t TB-RBP7} M2 A5283HS o 4= 9lth
(Fig. 2B).

Ca®t TB-RBPY ZATE in vinool A BAetr] 93,
GST-pulldown assayS =335}3ic}. BL27 vle|g]o} AE5
°of GST9} GST-Co §FHH AL 712} dpga#A P
FEEE beadol WHFAIZ|L, 293T Ao pcFlag-TB-
RBPE WHAA S53 AEFEES EEA7 T, ol
A A719%5 S AAISHAL anti-Flag &3] 2 Western blotting
S AAERIY (Fig 3). 2 23, GST-Ca} Flag-TB-
RBP+= A= A3l o, GST W0 23 Flag-TB-RBP
oF ZA¥ kA ket o] w, GST-pulldown assayoll AH&¥
Flag-TB-RBP9] WH8YL 25 Fdsigion, GST ¥
GST-Co®| STt o] Wd e AA] FUs3}

A el A TB-RBPSF Cor}t 23 EE 9271 A=
SLTAE dolrly] 93 HAxzZ et AL 28}
ST} (Fig. 4). Flag-TB-RBP (10 pg)?t Ca (10 pg)E 7o)
transfectionA] 7] A| 3ol TB-RBPS} Cox HEA m:
AlZe FollA g7 A=) o] 22 TB-RBPY} Ca

= AR el A AE EAETE AR
n =}

2 AelM = yeast two-hybrid =84S Fe of4]
SR A] 252 Cool MEE AX W A% FEURI TB-
RBPE whasigivh 1 & AJstehal A3a4845 A4 Co
o} TB-RBP9| J35.2h-g-0] A ff FAlA o] Foixitt
= s stk
4l DNA Zigdh#d=2A TB-RBP
tymphoid tumor®l] 4] chromosomal translocation2] breakpoint

A E7HA]

junction F-73} -G A2 A E 2] recombination
hot spot -l A3} (Aoki et al,, 1995; Badge et al.,
2000; Aoki et al., 1999; Wu et al,, 1997), DNA </3A] TB-
RBP9| & U olso] 43| F7kdvtal dHA vt
(Kasai et al, 1997). B3k o] Ha9} Holx F2 g
3} protamine 1, protamine 2, transition protein 13} 22
WA 5] mRNAY] A5 o e o5 WMAEE x
74} (Kwon et al., 1991; Kwon et al., 1993; Wu et al., 2000).

i)

Fig. 4. Colocalization of TB-RBP and Ca. COS M6 cells tansfected with Cooand Flag-TB-RBP were labelled with ant-Flag and - Ca

antibodies. Red. Flag-TB-RBP: green. Ca: blue. nucleus.
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3 e} Gaol| EA5H= B2 mRNAQ Y, H element
of Agstiar <A A} (Kwon et al,, 1993; Han et al,,
1995; Han et al, 1995). B2 A2 A F o)A microtubule
9] RNA F%o|% 23t} (Han et al, 1995; Wu and
Hecht, 2000). | X1+= dendritic RNA processing®l| = 3
o %t} (Finkenstadt et al,, 2000). 2 7o 43= single
double strand RNase Aol &L 3tfn Bz}
(Wang et al., 2004).

el
A ‘E} Co$} TB-RBP *Piﬂ%ﬂ Zh=

H oJoje vt Zo] F AR o] 58
ok A= Co’t TB-RBPS} 24 A3 2k431o] TB-
RBPE A EZAoA Hoz o] FAZIth o]z oA
TB-RBP<= translin-associated factor X (TRAX)S} A5 74
sh= Aoz AT (Aoki et al, 1997). TRAXE 33kDa
o TR TB-RBP ofr|:=ilsh v £& AHEA]
7HASL vk TB-RBPS} #-AFSHA| TRAXE A28}
oA Wo] LAEA T DNASH 23 s

(Chennathukuzhi et al,, 2001). 53], TRAX=
lization signal (NLS)E 7}4]aL A%+ TB-RBP= NLSZ
7¥A1aL YA @t} welA TB-RBP7F o7 o] 53t o,
TRAX®} 2gste] Axddx o=z o)Fd 5 g}
(Cho et al,, 2004). Cal= TRAXS} PERFFA 2 Coo] N-Zet
o] NLSE 7FAaz AT} (Briggs et al, 1998). ©]&1gl A}A
< 53 Co= TB-RBPS} A3eo wx] Caol NLSE 9]
sto] oz AAd & AT U Aotk F HAE=
Co= ¥ 2 vz Q1xke]l g Ao]7] wlFo| TB-RBP

O

mlo

nuclear loca-

Olfo

0

Z 4kt Al71AY TBRBP9 #eEg gl d =S <4k
A1 4= 3l& slojrh o]% Aule TB-RBPE At
2% 58 T AX U YA 43S = ¢ IS A
01E‘r PKA+ Idl, Msn2, Marfl 3} #-2 PKA T4 gz

AASIA|A A} MEF G o] & A zd3c}

(Moir et al., 2006; Garmendia-Torres et al., 2007; Nishiyama et
al, 2007). 3k HHlo] chald.o. pRA o] olALzlef o3
DNA 23t s8] 93& ¥t} (Bums and Vanden
Heuvel, 2007; Nieto et al, 2007). Z&]1} TB-RBP$} TRAX
ShiliAt MU PKASY 9% Qaksl 7912 F1H 3w
St} webA PKAS TB-RBPO| &4)7} weds t}
A& Qs & 7Hs A wiAlsHA B8 Aok

Tl A= yeast two-hybrid 2712]d-& E3l Co
ZHg-she dwde TBRBPE HHEE%la, p-

O

A

e ¥

Rl

ol
=

Q2 1= &

}ovr

)6]'

o

AV
£

B2 e

galactosidase assay$} GST-pulldown assayS 53
Zo] N2 Agtsta, HAFTNAANE =3 AEL
ARl ARG LS % 4 AU, oJoix
£ %3] Ca’} TB-RBPS] 4t A %E%% E¥s)
A4 4F7F FAdnkd, FAAgel M Cast TB-RBP

(=3
PR
o 71%5g FY A AT 4 A Aoltk

Bl 2
2 97 20061 ATl es HAE BES AT
Aol ofsl =S
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